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The solution structure of an RNA loop–loop complex: the ColE1
inverted loop sequence
Anna J Lee1 and Donald M Crothers1,2*
Background: Replication of the ColE1 plasmid of Escherichia coli is regulated
by the interaction of sense and antisense plasmid-encoded transcripts. The
antisense RNA I negatively regulates the replication of the plasmid by duplex
formation with complementary RNA II. The interaction is initiated by the formation
of a double helix between seven-nucleotide loops from each RNA and is
stabilized by binding of the RNA one modulator (ROM) protein. The ROM protein
is thought to recognize a specific RNA structure, regardless of sequence.
Results: The solution structure of a loop–loop complex between model RNA
hairpins that resemble RNA I and RNA II has been determined by nuclear
magnetic resonance spectroscopy. The model hairpins have loop sequences
inverted 5′ to 3′ relative to the wild-type sequence and were chosen because of
their complex’s slow dissociation in comparison to the wild type. The complex
has continuous stacking from the 3′-side of one stem helix through the
loop–loop helix to the other stem helix. One residue from each hairpin has a
unique phosphodiester bond which bridges and narrows the major groove.
These bridging phosphates are in close proximity to the phosphate groups of
the adjacent bases, forming unique structural motifs called phosphate clusters.
The purine residue at the 3′-end of the loop–loop helix of one RNA stacks on a
purine residue on the 5′-side of the other RNA stem, and there are strong
cross-strand stacking interactions between guanine bases in the stem helices
adjacent to the loops. 
Conclusions: Unique distortions, such as the strong bend and the phosphate
clusters flanking the major groove of the loop–loop helix, provide an attractive
nonsequence-specific structural feature for recognition by the ROM protein.
The structure provides a basis for rationalizing the sequence dependence of the
stability of loop–loop interaction.
Introduction
Replication of the ColE1 plasmid in Escherichia coli is con-
trolled by the interaction of two plasmid-encoded RNA
transcripts, RNA I and RNA II. The antisense RNA I neg-
atively regulates the replication of the ColE1 plasmid
[1–3]. The initial interaction of RNA I and RNA II
involves single-stranded loops of each RNA forming loop-
to-loop contacts, thus making what is commonly known as
a ‘kissing’ or a ‘kiss’ complex [4,5]. This contact facilitates
the pairing of RNA I and RNA II, which propagates pro-
gressively through the stem-loop regions until, finally, the
two RNAs form a duplex. 
Replication of the plasmid is also controlled by the
plasmid-encoded protein, RNA one modulator (ROM),
also referred to as Repressor of primer (ROP) [6]. ROM
binds to the transiently formed RNA I and RNA II kiss
complex and reduces the equilibrium dissociation con-
stant of the initial RNA complex [7–9]. Studies have
shown that RNA stem loops derived from RNA I and
RNA II transcripts can form a loop–loop complex that can
bind to ROM [10]. It has also been shown that ROM
binds to RNA loop–loop complexes with various loop
sequences and sizes ranging from six to eight nucleotides,
suggesting that the ROM protein recognizes a specific
RNA structure regardless of the sequence [11]. 
The solution structure of the loop–loop complex was
determined using a loop–loop complex formed between a
pair of stem loops, RNA Ii and RNA IIi, with seven comp-
lementary loop bases (Figure 1). These hairpins have the
loop sequences inverted 5′ to 3′ compared to the wild-type
loop sequences. The loop–loop complex with the inverted
loop sequences was chosen for this study because it disso-
ciated nearly 7000 times more slowly than the wild type,
and the quality of the nuclear magnetic resonance (NMR)
spectra was superior to that of the wild-type loop–loop
complex [11]. The previous structural study of the
loop–loop complex indicated that all seven bases in the
loop regions of RNA Ii and RNA IIi were involved in
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Watson–Crick base pairing and that these loop residues
were continuously stacked on the 3′ side of the respective
stem helices in the complex [12]. In addition, the study
demonstrated that the complex was bent at the loop–loop
helix. A detailed structure was not achieved, however,
because of incomplete assignments of the NMR spectra.
We present here the solution structure of the loop–loop
complex and the details of the structure that provide
support for the potential ROM-binding site in the
loop–loop complex. 
Results
Spectral assignment
The initial exchangeable proton spectra of the loop–loop
complex revealed severe spectral overlap, so the complete
assignment of the imino protons of the loop–loop complex
was achieved through heteronuclear experiments. Previ-
ously, we had partially assigned the exchangeable protons
in the loop–loop complex using H2O nuclear Overhauser
effect spectroscopy (NOESY) and 1H–15N heteronuclear
multiple quantum coherence (HMQC) experiments [12].
Additional experiments performed on the 15N-labeled
RNA Ii hairpin complexed with the unlabeled RNA IIi
hairpin, and on the 15N-labeled RNA IIi hairpin com-
plexed with the unlabeled RNA Ii hairpin, allowed a com-
plete unambiguous assignment of all of the imino-proton
resonances of the loop–loop complex. The sequential
assignment of the imino–imino proton crosspeaks was
accomplished with a 15N, 14N-filtered NOESY experiment
([13] and Jon Lapham, personal communication). A
loop–loop complex with 13C, 15N-labeled RNA Ii was used
to acquire the data. The imino-proton resonances were
further verified using the 1H–15N HMQC experiments on
two sets of loop–loop complexes in which one hairpin at a
time was 15N-labeled [14]. These experiments indicated
that all of the imino protons in the loop–loop complex
were involved in Watson–Crick base pairing. Imino-
proton resonance assignments are given in the supple-
mentary material available with the Internet version of the
paper. The sequence-specific assignment of the non-
exchangeable protons in the loop–loop complex was
achieved using a 2H2O-NOESY and a 13C, 12C-filtered
NOESY experiment on the loop–loop complexes in which
one of the hairpins was 13C-labeled. The 13C, 12C-filtered
NOESY was used to alleviate the chemical shift overlap in
the 2H2O-NOESY ([13,15] and Jon Lapham, personal
communication). As in the 15N, 14N-filtered NOESY, the
13C, 12C-filtered NOESY produced two subspectra, one
showing all the nuclear Overhauser effects (NOEs) arising
from the 13C-labeled strand and one showing the 12C-unla-
beled strand. Using the data from this experiment, the
non-exchangeable protons in the 2H2O-NOESY were
assigned to the labeled or the unlabeled RNA strand
based on the crosspeaks in the 13C and 12C subspectra.
Because of unfavorable 13C relaxation effects, however,
the 13C subspectrum revealed very broad, unobservable
peaks. This experiment therefore became most useful for
observing the 12C-unlabeled RNA strand in complex with
13C-labeled strand. 
The H1′ and H8/H6 proton resonances of the complex in
the NOESY experiments were verified through the 1H–13C
constant time heteronuclear multiple quantum coherence
(CT-HMQC) spectra (Figure 2) [16]. The RNA Ii adenine
H2 resonances observed in the 1H–13C CT-HMQC spec-
trum were assigned and easily confirmed using the NOEs
observed in the imino-upfield region of the H2O-NOESY
spectra (data not shown). Figure 3a shows the
anomeric–aromatic regions of the loop–loop complex’s
2H2O-NOESY spectrum, and Figure 3b shows the 12C sub-
spectrum of the isotope-filtered NOESY in which the RNA
Ii hairpin was 13C-labeled. The 12C subspectrum in
Figure 3b shows the NOE crosspeaks arising from the 12C-
labeled RNA IIi in the loop–loop complex and therefore
shows only half of the crosspeaks present in Figure 3a. This
spectrum allows clear identification and assignment of the
sequential anomeric–aromatic crosspeaks belonging to the
RNA IIi residues in the loop–loop helix. Similarly, the 12C
subspectrum of the isotope-filtered NOESY in which the
RNA IIi hairpin was 13C-labeled clearly shows the sequen-
tial anomeric–aromatic crosspeaks belonging to the RNA Ii
residues in the loop–loop helix (data not shown). These
subspectra are crucial for correctly assigning the
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Figure 1
Sequence and secondary structure of the RNA loop–loop complex
formed between the RNA Ii (blue) and RNA IIi (red) hairpins.
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anomeric–aromatic crosspeaks of RNA Ii and RNA IIi in
the loop–loop helix region of the complex.
The loop–loop complex has a typical anomeric–aromatic
correlation pattern for A-form RNA in the stems and
loop–loop helix. The 2H2O-NOESY spectra show all of
the expected intranucleotide H1′–H6 or H8 crosspeaks
and internucleotide H1′–H6 or H8 (of the n + 1 residue)
crosspeaks [15]. The sequential anomeric–aromatic walk
revealed that the loop–loop helix was stacked between the
two stem helices. The loop nucleotides of RNA Ii and
RNA IIi were stacked on the 3′-side of the their stem
helices. The previous non-exchangeable partial proton
resonance assignment of the loop–loop complex was
accomplished without the use of any heteronuclear ex-
periments [12]. Because of heavy spectral overlap of the
non-exchangeable resonances, it was impossible to assign
unambiguously all of the resonances of the loop–loop
complex. The lack of heteronuclear experiments did not
allow the anomeric–aromatic crosspeaks in the loop–loop
helix to be distinguished unambiguously, as described
above. As a consequence, the non-exchangeable reso-
nance assignments were revised. 
The earlier assignment reversed the intrastrand and inter-
strand NOE crosspeaks from the H1′ protons to the RNA
IIi A7 H2. The intrastrand NOE crosspeak between RNA
IIi A7 H2 and RNA IIi A8 H2 was mistakenly assigned as
the cross-strand NOE crosspeak between RNA IIi A7 H2
and RNA Ii C14 H1′. Therefore, the starting point for the
subsequent anomeric–aromatic walk, which should have
been traced as RNA IIi A8 to RNA IIi C13, was traced as
RNA Ii C14 to RNA Ii G7. In addition, because no hetero-
nuclear experiments were available to identify the chemi-
cal shifts of anomeric (H1′) and aromatic (H8/H6)
resonances, the previous trace could not distinguish and
correctly assign the self anomeric–aromatic crosspeaks and
the sequential anomeric–aromatic crosspeaks. For example,
a sequential anomeric–aromatic crosspeak between the
RNA IIi A8 H1′ and RNA IIi C9 H8 was assigned as the
self anomeric–aromatic crosspeak for RNA Ii C14
(Figure 3) [12].
The previous work incorrectly assigned the anomeric–aro-
matic sequential walks in the loop–loop helix, but they
were assigned in a manner that correctly predicted the loop
nucleotides of RNA Ii and RNA IIi to be stacked on the 
3′-side of the stem. The prediction was partially based on
the imino-proton resonance assignments where an NOE
crosspeak between imino protons of RNA Ii G6 and U13
was observed, indicating that RNA Ii loop residue U13 was
stacked on top of the C14 residue on the 3′-side of the RNA
Ii stem [12]. An alternative assignment for the imino-proton
resonances could have been where an NOE between G6
and G7 imino protons would be observed, indicating that
loop residue G7 was stacked on top of G6 on the 5′-side of
RNA Ii stem. On the basis of the imino-proton resonance
assignments, correct hydrogen-bonding restraints and
exchangeable-proton NOE restraints were used in the
structure calculation. For this reason, the inaccurate assign-
ments of the non-exchangeable proton resonances did not
result in a structure that differed significantly from the
refined structure because the assignment maintained the
expected NOE patterns in the refined structure.
The H2′ resonances were assigned using a 13C CT-HcCh
correlated spectroscopy (COSY) experiment where correla-
tion between H1′ and C2′ and correlation between C1′ and
H2′ are observed [17]. The assignments of the H1′ and
H2′ chemical shifts were further supported by additional
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Figure 2
The 1H–13C CT-HMQC spectra showing (a) the anomeric H1′–C1′
region and (b) the aromatic H6/H8–C6/C8 region of the uniformly
13C-labeled RNA Ii in the loop–loop complex (RNA IIi in the complex
was unlabeled).
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data from a short mixing time 2H2O-NOESY, a short
mixing time 13C, 12C-filtered NOESY and HccH-COSY
experiments that showed correlation between H1′ and H2′
resonances in the same ribose ring [18]. Unfortunately, it
was not possible to completely assign all of the ribose
protons in the loop–loop complex due to the lack of dis-
persion for C3′–H3′, C4′–H4′, and C5′–H5′, H5′ in the
1H–13C CT-HMQC spectra. The phosphorus chemical
shift can provide important information regarding the
backbone conformation of the RNA [19,20]. The one-
dimensional phosphorus spectrum showed no outlying 31P
resonances away from the chemical shift region character-
istic of an A-form RNA helix. The two dimensional 1H–31P
COSY spectrum of the loop–loop complex showed no
observable signals, probably because of the complex’s
large size and unfavorable relaxation rates. For these
reasons, other 31P-based experiments were not attempted,
and none of the 31P resonances were assigned.
Conformational inferences
The NMR study of the loop–loop complex yielded several
important characteristics regarding its conformation. All of
the hydrogen bonds involved in base pairing were identi-
fied through imino-proton spectroscopy. As there were no
strong NOE crosspeaks between H1′ and H8/H6 in the
non-exchangeable NOESY spectra, it can be inferred that
none of the residues in the loop–loop complex exist in the
syn conformation [21]. The 31P spectrum showed no outly-
ing resonances, indicating that all the phosphates have 
A-form α and ζ backbone angles [19]. Finally, the double
quantum-filtered correlated spectroscopy (DQF-COSY)
spectrum showed no H1′–H2′ crosspeaks, indicating a
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Structure
Non-exchangeable proton spectra showing corresponding
anomeric–aromatic regions of the loop–loop complex. (a) The
anomeric–aromatic region of a 250 ms 2H2O-NOESY spectrum
collected at 35°C. The red line traces the anomeric–aromatic
sequential walk from the 5′-side of the RNA Ii hairpin through the
helical junctions to the 3′-side of RNA IIi (RNA Ii G0 to RNA IIi C19).
The blue line traces the walk from the 3′-side of RNA Ii (C20) to the 
5′-side of RNA IIi (G1). The RNA Ii and RNA IIi resonances are
annotated in blue and red, respectively. The crosspeak marked 1* is
the NOE crosspeak between RNA Ii U13 H1′ and RNA IIi A8 H2. The
crosspeak marked 2* is the NOE crosspeak between RNA IIi C13 H1′
and RNA Ii A8 H2. (b) The 12C subspectrum showing the sequential
anomeric–aromatic walk of the RNA IIi residues in the loop–loop helix
in which RNA IIi is complexed with the uniformly 13C-labeled RNA Ii.
The sequential walk for the RNA IIi residues in the loop–loop helix from
A7 to C13 is traced in the spectrum.
small three bond coupling constant 3JH1′H2′ and that all of
the sugar puckers in the loop–loop complex are in a 
C3′-endo conformation [22]. 
Structure calculation 
The NOE distance restraints were determined on the
basis of the relative intensities of NOE crosspeaks in the
2H2O-NOESY and the 13C, 12C-filtered NOESY spectra
acquired at various mixing times on the unlabeled and
labeled samples of the loop–loop complex. The NOE
crosspeaks were categorized into one of three distance
restraint ranges, 1.6–3.6 Å, 2.0–4.5 Å, or 3.0–5.5 Å. A total
of 222 internucleotide and 130 intranucleotide NOE dis-
tance restraints, and 53 hydrogen-bond restraints were
used for the structure calculations (Table 1).
The exchangeable protons observed in the H2O-NOESY
spectra were assigned to an interproton distance range of
1.6–5.5 Å. The exchange phenomenon occurring
between the imino protons and H2O makes it difficult to
accurately classify the NOE crosspeaks observed in the
exchangeable proton spectra into various distance ranges.
Ten NOE crosspeaks were classified into an undeter-
mined distance range, because they had chemical-shift
overlaps in both the 2H2O-NOESY spectra and 13C, 12C-
filtered NOESY spectra. The existence of these cross-
peaks could also be verified using combined information
from various experiments, however. For example, seven
of the ten NOE crosspeaks in the undetermined distance
range were the intranucleotide H1′–H8/H6 correlations.
The H1′ and H8/H6 resonances of these seven residues
were identified through the one-bond carbon-correlation
experiments. In addition, sequential anomeric–aromatic
walks involving these residues were observed in the non-
exchangeable NOESY spectra. These overlapped self
anomeric–aromatic crosspeaks were therefore included in
the structure calculation, even though their NOE inten-
sity could not be determined, and they were given the
undetermined intensity distance range. 
The experimental dihedral restraints used in the structure
calculation were based on the qualitative analysis of NMR
data. All of the sugar puckers in the loop–loop complex
were assigned as C3′ endo because no H1′–H2′ crosspeaks
were observed in the DQF-COSY spectrum [22]. The gly-
cosidic torsion angle χ was set to the anti conformation on
the basis of the lack of strong intraresidue H1′–H6/H8
NOE crosspeaks in the non-exchangeable proton spectra
[21]. As mentioned above, no 31P resonances of the
loop–loop complex were observed outside the chemical-
shift range for that of A-form RNA [19]. Therefore, α and
ζ angles for the stem bases, other than the two base pairs
closest to the loop region, were set to ± 15° of A-form
values for both RNA Ii and RNA IIi. The loop bases and
two base pairs immediately below the loop regions were
set to ± 30° of A-form values.
Attempts to measure β, γ, and ε dihedral angles were not
successful because experiments such as 1H–31P COSY did
not work and aromatic-H5′, H5′′ NOEs could not be
assigned for the loop–loop complex. On the basis of the
observation of many NOE crosspeaks that were characteris-
tic of A-form RNA in the loop–loop complex, however, β, γ,
and ε were set to A-form values for all residues other than
those at the helix junctions between the stem and the loop
regions. The helix-junction residues were left unrestrained
in the structure calculation. The planarity restraints of
100 kcal mol–1 Å–2 were included for all base pairs in the
loop–loop complex apart from the G6–C14 base pair for
both the RNA Ii and RNA IIi stems and their two closest
loop base pairs, for the reasons discussed below.
The structure of the loop–loop complex was calculated
using torsion angle molecular dynamics (TAMD) [23–25].
Two single-stranded RNA templates with RNA Ii and
RNA IIi sequences were generated and used as starting
structures. A total of 80 structures of the loop–loop complex
were calculated using TAMD. The eight structures with no
NOE or dihedral violations were further refined in Carte-
sian space at a constant temperature, and electrostatics and
attractive van der Waals potential energy terms were
included. These calculations were computed without pla-
narity restraints. An average structure was generated from
the eight refined structures, by averaging the Cartesian
coordinates of each atom, and was energy minimized. 
Solution structure of the loop–loop complex
The average structure of the loop–loop complex has a bend
angle of approximately 80°, although the family of struc-
tures used to calculate the average structure had a wide
range of bend angles. This suggests that it is not possible
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Table 1
Summary of restraints used in the structure calculations of the
loop–loop complex.
Restraints Number
Total NOEs 352
Strong 1.6–3.6 Å 98
Medium 2.0–4.5 Å 27
Weak 3.0–5.5 Å 125
Exchangeable 1.6–5.5 Å 102
Internucleotide NOEs 222
Intranucleotide NOEs 130
Hydrogen bonds 53
Dihedral angle restraints 396
Backbone (α, β, γ, ε, ζ) 156
Ribose pucker (ν0–ν4) 200
Glycosidic (χ) 40
NOEs per residue 8.8
NOEs and dihedral restraints per residue 18.7
to measure the absolute bend angle for the loop–loop
complex using the existing NMR data, because no long
range NOEs are observed. The average pair-wise root
mean square deviation (rmsd) for the heavy-atom superpo-
sition of each of the eight refined structures on the average
structure for all atoms is 2.34 Å. The rmsd values for the
superposition of the RNA Ii and RNA IIi stems alone are
1.04 Å and 0.88 Å, respectively, and the rmsd falls to 0.71 Å
when only the loop residues are superimposed (Figure 4).
The larger rmsd for the superposition of the entire
loop–loop complex is probably due to the variety of global
bends observed in the family of refined structures, which
ranged from approximately 65° to 90°.
A stereo diagram of the minimized-average structure of the
loop–loop complex is shown in Figure 5a. The loop–loop
complex has a continuous base stacking from one stem
helix through the loop–loop helix to the other stem helix,
but  there are some distortions observed at the interhairpin
stacking regions in the loop–loop complex. Figures 5b and
5c show the six base pairs located at the two helix junc-
tions where the RNA Ii loop residues are 3′-stacked on the
RNA Ii stem and the RNA IIi loop residues are 3′-stacked
on the RNA IIi stem. During the structure calculation,
these six base pairs were not required to be coplanar and
the torsion angles β, γ, and ε were left unrestrained.
Despite the absence of these restraints, however, the
family of structures for the loop–loop complex converged
with no violations for NOE and dihedral-angle restraints.
The average structure of the loop–loop complex displayed
many interesting structural features including buckling
and twisting of the base pairs at the helix junctions. These
perturbations may be the general features of loop–loop
complexes that are necessary to allow interstrand base
pairing and coaxial stacking between the three helices. 
There are interesting NOE patterns observed in the NMR
spectra at the helix junctions that may support these dis-
tortions. Three very strong interstrand AH2–H1′ NOE
crosspeaks between RNA Ii A8 H2 and RNA IIi C13 H1′,
RNA IIi A8 H2 and RNA Ii U13 H1′, and RNA IIi A7 H2
and RNA Ii C14 H1′ are observed in the 2H2O-NOESY
spectrum (Figure 3). In addition, the H8 resonances for
RNA Ii G7 (8.30 ppm) and RNA IIi A7 (8.79 ppm) are
downfield shifted away from the other aromatic resonances
in the 2H2O-NOESY spectrum. 
The structure of the loop–loop complex shows seven
Watson–Crick base pairs between the RNA Ii and RNA IIi
interacting-loop region. There is a continuous 3′-stacking
of the loop residues on their respective stem helices. This
coaxial stacking of the seven base pairs in the loop is
achieved by a strong bend towards the major groove of the
loop–loop helix. RNA Ii G7 and RNA IIi A7 have the
backbone phosphodiester bond that links the G6 residues
to either G7 or A7. The crossing of the major groove by
these bridging phosphates compresses and blocks access to
the major groove; furthermore, these two phosphates are
located rather close to each other. The distance between
the RNA Ii G7 phosphate and the RNA IIi A7 phosphate
is 5.29 Å, which is close in comparison to a typical sequen-
tial interphosphate distance of 5.9 Å for A-form helix. 
In addition to the short interphosphorus distance between
the two bridging phosphates, other short interphosphorus
distances in the helix junctions of the loop–loop complex
were observed. The distance between the 5′ phosphate
group of RNA Ii G6 and 5′ phosphate groups of G7, A8,
and U9 were 4.96 Å, 6.21 Å, and 11.94 Å, respectively. For
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Figure 4
Superposition of the eight structures on the average structure of the
loop–loop complex. Only the residues located in (a) the loop–loop
helix (RNA Ii G7–U13, RNA IIi A7–C13), (b) the RNA Ii stem helix
(G0–G6, C14–C20), and (c) the RNA IIi stem helix (G1–G6,
C14–C19) are superimposed. 
(a)
(b)
(c)
RNA Ii RNA IIi
Structure
RNA IIi, the distance between the 5′ phosphate group of
G6 and 5′ phosphate groups of A7, A8, and C9 were 4.82 Å,
5.93 Å, and 10.72 Å, respectively. These distances were
compared to the corresponding interphosphorus distances
in A-form RNA with sequences identical to that of the
loop–loop complex, which were 5.9 Å, 10.4 Å, and 12.7 Å.
The two sets of closely-clustered phosphate groups in the
loop–loop complex are shown in Figure 6. The loop–loop
complex is formed in the presence of divalent metal ions,
such as Mg2+. The position of the negatively-charged
phosphate clusters located at the edges of the major groove
of the loop–loop helix suggests a potential Mg2+-binding
site, although the NMR data of Mn2+-titration experi-
ments fail to implicate these sites as metal binders ([26]
and unpublished data). 
Other structure features of the loop–loop complex include
a large twist angle of 39° occurring between the A8–U12
and U9–A11 base pairs. The average twist angle calculated
from the helical parameters of the family of eight struc-
tures in the loop–loop helix is 32 ( ± 3)°. Large positive roll
angles that contribute to the global bend observed in the
loop–loop complex are found in center of the loop–loop
helix (Table 2). In addition, the large twist and roll angles
in the loop–loop helix reduce the distances required for
the crossing of the major grooves by the phosphodiester
bonds. No unusually large tilt angles are observed in the
loop–loop complex, apart from the angle of 12.8° between
RNA Ii G6 and RNA IIi A7 and the angle of 5.6° between
RNA Ii G7 and RNA IIi G6. These large tilt angles at the
helix junctions are partly responsible for the large bend
angle observed in the loop–loop complex. 
As mentioned earlier, RNA IIi A7 and RNA Ii G7 at the
helical junctions have downfield-shifted H8 resonances
with A7 H8 resonating further downfield than the G7 H8
resonance. The downfield shift may have resulted from
the destacking of bases at the helix junctions. To investi-
gate the level of destacking for RNA IIi A7 and RNA Ii
G7 on their 5′ neighboring guanine bases, distances from
the H8 protons of A7 and G7 to the aromatic atoms of
their 5′ G6 bases were measured and then compared to
the corresponding distances in A-form RNA. The dis-
tances from RNA IIi A7 H8 to the aromatic atoms of
RNA Ii G6 base are longer than the analogous distances
in A-form RNA, indicating that A7 H8 proton is less
shielded from the five-membered aromatic ring of G6
than is typically found in an A-form helix. Likewise, G7
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Figure 5
Average structure of the loop–loop complex.
(a) Stereo diagram of the average structure of
the loop–loop complex. RNA Ii residues are in
cyan and RNA IIi residues in magenta. The
helix junctions of the RNA loop–loop complex
where (b) RNA Ii loop residues are stacked on
the 3′-side of RNA Ii stem helix and (c) RNA IIi
loop residues are stacked on the 3′-side of
RNA IIi stem helix are shown.
H8 is also further away from the aromatic atoms of RNA
IIi G6. The deshielding of these H8 resonances may be
responsible for the downfield shift. 
Finally, the stems of the loop–loop complex resembled a
typical A-form helix, with the exception of the apical base
pairs in the stems of RNA Ii and RNA IIi, which showed
an interesting feature. The six-membered rings of the G6
and G15 bases were stacked in a cross-stranded manner in
both the RNA Ii and RNA IIi stems (Figure 7). The struc-
ture is supported by the NMR data observed in the imino-
upfield region of the H2O-NOESY spectra. NOEs
between RNA Ii G6 H1 (imino proton) and G15 H8/H1′ as
well as between G15 H1 and G6 H8/H1′ were observed in
the H2O-NOESY spectra. The same type of NOE was also
observed for G6 and G15 of RNA IIi. Interestingly, the
cross-strand stacking between G6 and G15 was already
present in the stems of the RNA Ii and RNA IIi hairpins
before they were combined to form the loop–loop complex
[26]. In addition, Mn2+-titration experiments of the
loop–loop complex revealed a metal-binding site near the
G15 base of RNA IIi ([26] and unpublished data). Initially,
the cross-strand stacking of G6 and G15 was thought to
have formed to accommodate the metal, but a closer exam-
ination of the H2O-NOESY spectra of the RNA Ii and
RNA IIi hairpins in the absence of MgCl2 revealed that
the cross-strand stacking of G6 and G15 already existed in
the stems before any divalent metal ions were added [26].
Validation of the structure
The final structure of the loop–loop complex was calcu-
lated using the experimental and non-experimental
restraints. Additional structure calculations were therefore
performed using different sets of non-experimental
restraints to validate the final structure. After the TAMD
calculations, the family of the loop–loop complex struc-
tures was refined without the planarity restraints and then
averaged. To verify that eliminating the planarity did not
significantly alter the calculated structure, the family of
the same eight structures was also refined using the same
protocol but with the planarity restraints included. The
rmsd between the average structures calculated with and
without planarity restraints was 1.09 Å for the loop–loop
complex, 0.58 Å for the loop residues, 0.45 Å for RNA Ii
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Figure 6
The phosphate clusters flanking the major groove of the loop–loop
helix. The phosphorus atoms of RNA Ii G7 and RNA IIi A7 are shown
as green spheres and the phosphorus atoms of RNA Ii G6, A8, U9,
and RNA IIi G6, A8, C9 as yellow spheres. RNA Ii and RNA IIi are
colored as in Figure 5.
Table 2
Helical parameters*.
Base pair step Twist Roll Tilt
Loop–loop helix
G7–C13 to A8–U12 28.6 ± 2.8 2.4 ± 2.6 3.4 ± 2.2
A8–U12 to U9–A11 39.0 ± 3.5 14.6 ± 3.5 –3.2 ± 2.7
U9–A11 to G10–C10 30.5 ± 2.4 23.1 ± 5.7 –0.6 ± 2.9
G10–C10 to G11–C9 30.9 ± 2.7 26.0 ± 4.5 1.6 ± 2.9
G11–C9 to U12–A8 32.1 ± 5.5 14.3 ± 8.1 –8.5 ± 3.9
U12–A8 to U13–A7 32.4 ± 2.4 4.6 ± 5.6 6.4 ± 2.3
RNA Ii stem
G0–C20 to G1–C19 27.6 ± 3.9 –2.5 ± 7.8 –4.1 ± 4.4
G1–C19 to C2–G18 26.4 ± 7.3 13.8 ± 9.4 0.8 ± 1.8
C2–G18 to A3–U17 26.5 ± 3.2 –0.3 ± 5.8 –1.1 ± 2.0
A3–U17 to A4–U16 28.5 ± 1.1 3.1 ± 7.1 5.2 ± 2.3
A4–U16 to C5–G15 32.4 ± 2.9 8.0 ± 5.7 –1.1 ± 3.8
C5–G15 to G6–C14 27.7 ± 5.9 –3.0 ± 15.5 2.3 ± 4.4
RNA IIi stem
G1–C19 to C2–G18 18.6 ± 1.7 34.5 ± 4.6 –0.3 ± 1.7
C2–G18 to A3–U17 29.4 ± 0.8 0.7 ± 4.0 4.1 ± 1.0
A3–U17 to C4–G16 31.8 ± 2.6 9.1 ± 6.2 0.2 ± 3.5
C4–G16 to C5–G15 28.2 ± 4.3 8.9 ± 8.9 –0.6 ± 3.9
C5–G15 to G6–C14 26.1 ± 5.3 –5.4 ± 11.5 0.4 ± 3.8
*Helical parameters between the successive base pairs in the
loop–loop helix and in the RNA Ii and RNA IIi stem helices of the
average structure and the standard deviations from the family of eight
structures of the loop–loop complex. The RNA Ii bases in the
loop–loop helix are denoted by bold letters.
stem residues, and 0.52 Å for RNA IIi stem residues. Pla-
narity restraints were then added into the TAMD calcula-
tions for the central three base pairs of the loop–loop
helix. These restraints were added to prevent the extreme
buckled appearance of the base pairs in the loop–loop
helix that resulted when planarity restraints were omitted.
A test set of structures was calculated with the planarity
restraints removed from the central base pairs in the
loop–loop helix. The rmsd for the loop residues between
the average structure of the loop–loop complex and a
structure calculated without planarity restraints in the
loop–loop helix was 0.99 Å. 
Loose A-form RNA dihedral restraints, β, γ, and ε were also
included in the structure calculation for the central bases in
the loop–loop helix. Similarly, a test set was calculated
without any β, γ, and ε dihedral restraints for the loop
residues. The rmsd for the loop residues between the
average loop–loop complex structure and a structure calcu-
lated without β, γ, and ε dihedral restraints for the loop
residues was 1.29 Å. Additional test sets were calculated by
lowering the planarity restraints from 100 kcal mol–1 Å–2 to
50 kcal mol–1 Å–2, and by omitting or including the planarity
restraints for all residues in the loop–loop complex. The
final set of restraints for the loop–loop complex was chosen
because it converged at a higher rate than any other test set,
and still converged to a structure with a local geometry that
can be superimposed on all of the test sets with low rmsd
values. The structures calculated without any planarity
restraints in the TAMD protocol converged to structures
that had similar global features to those of the structures
calculated with the planarity restraints, but structures calcu-
lated without planarity restraints contained base pairs that
were highly buckled in appearance as well as large propeller
twists for all base pairs. The structures computed with the
planarity restraints for the residues at the helix junctions
also were able to converge to zero-violation structures with
almost no propeller twists and buckling in the base pairs.
Despite the unusual NOE data suggesting a conformation
that may be highly distorted from A-form helix, however,
the planarity was left unrestrained at the helix junctions.
Discussion
The loop–loop complex has all seven of the complemen-
tary bases in the two stem loops involved in base pairing
and resembles an A-form RNA duplex. The structure of
the loop–loop complex is, however, of an RNA helix that
is significantly different from an A-form helix. As indi-
cated by the NMR data, there is a continuous stacking of
the helices throughout the complex. The loop–loop helix
is strongly bent toward the major groove, thus narrowing
the groove. This bend minimizes the distance required for
the G7 and A7 phosphodiester bonds of RNA Ii and RNA
IIi, respectively, to bridge across the major groove. The
large twist and positive roll angles in the loop–loop helix
as well as large tilt angles found at the helix junctions con-
tribute to the observed bend in the complex.
Although the loop–loop complex has many NOE connec-
tivities that are characteristic of a typical A-form RNA
duplex, the complex must have obvious structural devia-
tions from the A-form RNA duplex because ROM is
capable of binding only to the loop–loop complex and not
to the RNA duplex. The ROM protein is able to bind to
loop–loop complexes of various sizes and sequences, sug-
gesting that ROM recognizes a unique structure shared by
these complexes. Comparisons made between the minor
and major grooves of the loop–loop complex and those of
A-form RNA of identical sequences clearly show the simi-
larities and the differences between the two molecules
(Figure 8). The loop–loop complex does not appear to
have a distinct feature in the minor groove of the
loop–loop helix that would significantly contribute to
ROM recognition (Figure 8a). It has shorter cross-strand
C1′–C1′ distances at its helical junctions than an A-form
RNA helix, but there is no obvious perturbation in the
minor groove of the loop–loop helix. It is possible that
some narrowing of the minor groove occurs at the helix
junctions to accommodate the bridging of phosphates in
the major groove. There is, however, no difference in the
spacings between the phosphate and the 2′-hydroxyl
groups present in the minor groove of the loop–loop helix
of the complex in comparison to those in A-form RNA.
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Figure 7
The cross-stranded stacked guanine residues in the RNA Ii stem. The
structures of the stacked G6 residue and G15 residue are viewed 
(a) down the helix axis and (b) from the side. The yellow lines indicate
the NOEs between the stacked guanine residues.
The major groove of the loop–loop helix in the complex
does appear to have unique features that could contribute to
ROM recognition. Figure 8b shows the space-filling models
of the A-form RNA helix and the loop–loop complex
looking into the major groove of the loop–loop helix. The
distortions in the major groove of the loop–loop helix
include the collapsed major groove and very closely located
bridging phosphate groups. On the basis of deviations in the
major groove, it seems more likely that the unusual bridging
phosphate groups along with the unique phosphate clusters
flanking the major groove of the loop–loop helix would
better serve as an attractive nonsequence-specific structural
feature for ROM recognition.
The detailed structural information on the loop–loop
complex supports the previous thermodynamic studies
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Figure 8
Space-filling models comparing (a) the minor
groove and (b) the major groove of the RNA
loop–loop complex structure with an A-form
RNA helix of the same sequence. The cyan
residues correspond to the RNA Ii stem and
the yellow residues to the RNA IIi stem. The
magenta and green residues in the middle
correspond to the loop residues of RNA Ii
and RNA IIi, respectively. The phosphate
groups of RNA Ii G7 and RNA IIi A7 of the
loop–loop complex and the corresponding
phosphate groups in the A-form RNA helix
are shown in red.
regarding the complex stability [27,28]. In agreement with
the structure, all seven bases in the loops of the RNA Ii and
RNA IIi loop–loop complex had to be fully complementary
and involved in base pairings in order to achieve maximum
stability. Interchanging the two bases at positions one and
seven in the RNA Ii loop sequence (G7 and U13, with
complementary changes in RNA IIi) decreases the
complex stability by lowering the melting temperature (tm)
of the complex from 59°C to 33°C. The structure shows
RNA Ii G7 well stacked on top of RNA IIi G6. Altering the
base at G7 position to a U would disrupt this purine–purine
stack at the helical junction, destabilizing the complex. 
The structure also allows rationalization of the observation
that the first base pairs immediately below the loop–loop
helix in both the RNA Ii and the RNA IIi stems play a sig-
nificant role in stabilizing the complex at the helix junc-
tions. A thermodynamic study of variants of the stem
sequences of the RNA Ii and RNA IIi stem loops revealed
that a modification made in the first two base pairs of the
stem, counting from the loop, resulted in the most dra-
matic change in the complex stability [27,28]. For example,
changing the first G–C base pair to a C–G in both RIi and
RIIi decreased the complex stability by 20°C, while chang-
ing the same base pair to an A–U decreased the tm by only
9°C. As was the case for interchanging the two bases at
positions one and seven in the RNA Ii loop sequence,
changing the first base pairs in the RNA Ii and RNA IIi
stems from G–C to C–G would disrupt the critical
purine–purine stack at the helical junctions. Furthermore,
the cross-stranded stacked purine bases in the RNA Ii and
RNA IIi stems provide additional support for the impor-
tance of the first G–C base pairs. On the basis of the struc-
ture, it can be predicted that changing the G–C base pair to
a A–U base pair would maintain the cross-stranded purine
stack, while changing it to C–G base pair would destroy it.
Thermodynamic experiments [27,28] indicate that there is
a significant decrease in stability of the loop–loop complex
if the second base pair from the top of the stem helix
(C5–G15) is switched to G5–C15. A possible explanation
for this effect may lie in the cross-stranded stacking
between G6 and G15 shown in Figure 7. This arrange-
ment may act synergistically by pulling G6 into a better
geometry for strong stacking with A7 or G7, as shown in
Figures 5a and 5b. This latter purine–purine stacking
interaction appears to be critical for maximal strength of
interaction between the two RNAs.
The loop–loop complex shares some of its distortions with
the human immunodeficiency virus type 2 transactivation
response element (HIV-2 TAR) loop–loop complex, a struc-
ture that was also recently solved by NMR [29]. The HIV-2
TAR loop–loop complex is composed of two complemen-
tary hairpins with six bases in the loops. The HIV-2 TAR
loop–loop complex has a strong bend towards the major
groove, two phosphodiester bonds that cross the major
groove and phosphate clusters flanking the major groove of
the loop–loop helix. The HIV-2 TAR loop–loop complex
also has similar downfield-shifted aromatic proton reso-
nances (8.51 ppm and 8.65 ppm) at the helical junctions. 
With only two structures of loop–loop complexes deter-
mined, it is still difficult to generalize all of the common
structural characteristics of loop–loop complexes. There are
differences between the two solved structures. The higher
degrees of propeller twist and twist angles, among other
helical parameters, found for the base pairs in the HIV-2
TAR loop–loop helix can be attributed to the smaller loop
size [29]. The average twist angle in the loop–loop helix of
HIV-2 TAR loop–loop complex was 36 (± 3)° compared to
32 (± 3)° for the RNA Ii and RNA IIi loop–loop complex.
Also, different X-PLOR protocols and different sets of dis-
tance and dihedral restraints were used for the structure
calculations of the two loop–loop complexes, possibly
explaining some of the observed variations of local geome-
try. Presumably, most of the structural features shared by
the two loop–loop complexes contribute to ROM recogni-
tion, given that both complexes are capable of binding the
ROM protein. Additional studies of other loop–loop com-
plexes with various loop sizes and sequences are required to
address this problem, however. 
Biological implications
RNA–RNA interactions play numerous biologically sig-
nificant roles during cellular processes, such as tran-
scription, translation, RNA processing and regulation of
plasmid purification. A regulatory RNA that contains a
complementary sequence to a target RNA, thus inter-
fering with the activity of the target RNA by binding to
its complementary region, is defined as an antisense
RNA. Antisense RNAs have been known to affect
primer formation, mRNA stability, translation, and
transcriptional termination. Regulation by an antisense
RNA was first discovered during the study of replica-
tion of the ColE1 plasmid in E. coli [30,31]. One of the
ways that two RNA transcripts can interact is through
the single-stranded loop regions of stem loops. These
RNA loop–loop complexes are involved in the regula-
tion of ColE1 and R1 plasmid replication and dimeriza-
tion of the genomic human immunodeficiency virus
type 1 (HIV-1) RNA [32–37]. 
Studying RNA loop–loop complexes enables one to iden-
tify structural features that allow the RNA molecules to
be recognized by proteins such as ROM. Not all
loop–loop complexes have proteins that recognize them,
however, so  generalization about what causes two
RNA hairpins to form a loop–loop complex can be
vague. Two loop–loop complexes, the structures of
which have been solved, share many similarities, includ-
ing a loop–loop helix formed by canonical base pairing
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between all of the bases in the loop regions of the hair-
pins [29]. A recently discovered HIV-1 loop–loop
complex has non-canonical interactions in the loop
regions of the two hairpins, however. Three of the nine
bases in the loops of the two hairpins are not involved in
Watson–Crick base pairing [37]. As the initial inter-
action between the two hairpins occurs through the
single-stranded loop regions of the stem loops, it is con-
sidered a loop–loop complex, but it is unclear how many
structural features of the HIV-1 loop–loop complex will
be shared with the structures of loop–loop complexes
that have already been solved. The RNA Ii–RNA IIi
loop–loop complex represents a unique RNA structure
for protein recognition. Loop–loop complex structures
other than the one we solved may exist, but the RNA Ii
and RNA IIi loop–loop complex elegantly demonstrates
how an RNA molecule consisting of only standard
Watson–Crick base pairings can distinguish itself from
an A-form RNA helix through unique distortions that
are independent of the sequence.
Materials and methods
NMR sample preparation
The RNA Ii and RNA IIi sequences were prepared by in vitro transcription
with T7 RNA polymerase using the DNA template run-off method [38,39].
The DNA templates used in the transcriptions were chemically synthe-
sized on an Applied Biosystems 380B DNA synthesizer. The isotopically
labeled rNTPs for the 13C, 15N-labeled RNA samples were prepared from
RNA isolated from E. coli or Methylophilus methylotrophus grown in
minimal media with 15N-ammonium chloride and 13C-glucose or 13C-
methanol as the sole nitrogen and carbon sources, respectively [40–42]. 
The RNA loop–loop complex was prepared by combining RNA Ii and
RNA IIi in 1 X NMR buffer (1 mM sodium cacodylate, pH 6.5,
25 mM NaCl) in equal stoichiometric amounts and adding magnesium
chloride to a final concentration of 2 mM. The RNA loop–loop complex
was then dialyzed extensively against 1X NMR buffer containing 1 mM
MgCl2. Finally, before it was studied by NMR, the RNA sample was ana-
lyzed on a 15% native polyacrylamide gel (75:1 acrylamide:N,N’-methyl-
enebisacrylamide, 89 mM Tris-borate, 89 mM boric acid, 1 mM MgCl2),
to verify that the pair of RNA hairpins formed a proper loop–loop
complex and that this complex was able to bind the ROM protein.
The final concentrations of the unlabeled loop–loop RNA complex
NMR samples were 0.9–1.5 mM. The final concentrations of the
labeled complex NMR samples were ~1 mM. Each NMR sample was
placed in a Shigemi tube in 170 µl of 90% water, 10% deuterium oxide
for the experiments involving exchangeable protons. For the non-
exchangeable proton experiments, the samples were lyophilized and
resuspended in 99.996% deuterium oxide.
NMR spectroscopy
The NMR experiments were performed on a GE Omega 500 MHz
(Ω500) spectrometer with a triple-resonance probe equipped with
triple-axis pulsed-field gradients, a Varian Unity 500 MHz, or a Varian
Unity Plus 600 MHz spectrometer both with a triple-resonance probe
equipped with z-axis gradients. The 1-D phosphorus experiment was
performed on a GE Omega 500 MHz spectrometer with a 5 mm
Nalorac proton, carbon, and phosphorus triple-resonance probe.
The exchangeable proton spectra were collected at 15°C or 25°C. The
H2O-NOESY spectra of the unlabeled loop–loop complex were col-
lected using pulse sequences with gradient-enhanced jump-return
spin-echo water suppression with 100, 150, 250, and 300 ms mixing
times at 15°C [43]. Typically, 32–96 scans and 512 t1 points were col-
lected with the sweep width set to 10,000 Hz. The 15N-filtered
NOESY, using a WATERGATE water suppression pulse sequence,
was collected on the Varian Unity Plus 600 MHz spectrometer with a
250 ms mixing time at 25°C [13; Jon Lapham, personal communica-
tion]. The sweep widths were set to 10,000 Hz for both proton dimen-
sions. The data were obtained by collecting 32 t2 points and 512 t1
points. The 15N–1H HMQC experiment was collected on the Varian
500 MHz spectrometer using a gradient-enhanced jump-return spin-
echo pulse sequence at 15°C [14]. The proton and nitrogen sweep
widths were 10,000 and 2000 Hz, respectively. The experiment con-
sisted of 64 scans with 128 t1 points. For all the exchangeable proton
experiments, the proton carrier was set to the water resonance and the
15N carrier was set to 153 ppm. 
All of the non-exchangeable proton spectra were acquired at 35°C.
The 2H2O-NOESY and DQF-COSY spectra on the unlabeled
loop–loop complex were collected on the Varian Unity Plus 600 MHz
spectrometer. The 2H2O-NOESY spectra were collected with 50, 100,
150, and 250 ms mixing times. The sweep widths were set to 6000 Hz
for both dimensions. The 13C-filtered NOESY experiments on the
labeled loop–loop complexes were performed on the Varian Unity Plus
600 MHz spectrometer, with mixing times of 50 and 200 ms. All other
13C heteronuclear experiments were performed on the GE Omega
500 MHz spectrometer. The proton carrier was set to the HDO
(1H2HO) resonance for all non-exchangeable experiments. For the
carbon-correlation experiments concerning the aromatic region, the
13C carrier was set to 123 ppm. The 13C carrier was set to 80 ppm in
experiments concerning the anomeric region. 
Structure calculation
NOE crosspeaks that had similar intensities to those of pyrimidine
H5–H6 crosspeaks in the 50 ms mixing time 2H2O-NOESY spectrum
were classified as strong and were given the distance range of
1.6–3.6 Å. The weak NOE peaks observed at 50 ms mixing time and
those peaks observed at 100 ms mixing time were grouped in the
medium distance range of 2.0–4.5 Å. Finally, the crosspeaks that
appeared only at 150 ms or longer mixing times were classified as
weak peaks and were assigned the distance range of 3.0–5.5 Å. Fixed
distances for hydrogen-bond formation were imposed on residues
whose Watson–Crick base pairing can be identified by the exchange-
able-proton NOESY spectra. 
The structure of the loop–loop complex was calculated using TAMD as
described by Stallings and Moore [24]. The parameter and topology
sets used incorporated more realistic energy terms for bond length
and angles for nucleic acids (Jason P. Rife, unpublished work) and
were the combined work of the Berman group [44] and J.P. Rife.
These sets have the same energy constants and topology definitions
as those found in the AMBER force field [45], with two exceptions.
Firstly, the dihedral angles about the C3′–O3′ bases are phase shifted
by 210° to better agree with polynucleotide data [46]. Secondly,
improper terms that were added to maintain planarity of the bases
during the structure calculation are left unchanged from those
described by Parkinson et al. [44]. 
The TAMD protocol consisted of 10,000 steps of 0.0035 psec high-
temperature torsion angle dynamics for a total of 35 psec at 20,000K.
The molecules were then cooled to 300K in 6000 steps for 30 psec of
torsion angle dynamics. Afterwards, there was another simulated
annealing step in Cartesian space from 3000K–300K in 2500 steps
for 3.7 psec. Finally, there were 2000 steps of Powell minimization.
Eight zero-violation structures with no NOE distance (>0.5 Å), dihedral
(>5°), angle (>5°), bond (>0.05 Å), or improper (>5) violations were
further refined at 300K in Cartesian space that included electrostatics
and attractive van der Waals potential-energy terms.
Molecular graphics images were visualized with the INSIGHT95
program (Biosym Technologies, Inc.) and the MidasPlus program
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(Computer Graphics Laboratory, UCSF). All helical parameters were
determined using the program CURVES [47]. 
Accession numbers
The average structure and the eight minimized structures used to cal-
culate the average structure have been submitted to the Brookhaven
Protein Data Bank with the accession code 1bj2.
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S1Supplementary material
Table S1
Exchangeable proton chemical shift assignments of RNA Ii in
the loop–loop complex at 25°C.
Imino Amino Amino
(H bonded) (H nonbonded)
G0 n.o.*
G1 13.25
C2 8.44 6,70
A3
A4
C5 7.95 6.71
G6 12.41
G7 12.55
A8
U9 13.64
G10 11.83
G11 13.09
U12 14.57
U13 14.18
C14 8.44 6.82
G15 13.10
U16 14.23
U17 13.25
G18 12.40
C19 7.92 6.70
C20 n.o.* n.o.*
*n.o., not observed
Table S2
Exchangeable proton chemical shift assignments of RNA IIi in
the loop–loop complex at 25°C.
Imino Amino Amino
(H bonded) (H nonbonded)
G1 n.o.*
C2 8.58 6.72
A3
C4 8.26 6.81
C5 8.29 6.56
G6 12.51
A7
A8
C9 8.14 6.83
C10 8.18 6.52
A11
U12 14.24
C13 8.35 6.78
C14 8.29 6.80
G15 12.48
G16 13.35
U17 13.76
G18 12.82
C19 n.o.* n.o.*
*n.o., not observed
Table S3
Non-exchangeable aromatic 1H and 13C chemical shift
assignments for RNA Ii in the loop–loop complex at 35°C.
H5 C5 H6/H8 C6/C8 H2 C2 N1/N9
G0 8.01 137.42 169.46
G1 7.21 133.54 168.99
C2 5.19 93.92 7.68 138.06 150.80
A3 7.93 136.74 6.71 149.51 170.94
A4 7.89 136.40 7.59 151.36 171.80
C5 5.12 94.23 7.28 136.89 150.25
G6 7.61 134.48 171.58
G7 8.30 136.44 170.62
A8 7.86 137.80 7.83 151.39 169.38
U9 4.69 100.38 7.63 138.14 146.23
G10 7.48 133.16 171.80
G11 6.91 133.09 169.66
U12 5.17 100.73 7.24 137.76 145.91
U13 5.40 101.69 7.39 137.99 144.71
C14 5.56 94.84 7.63 139.57 149.96
G15 7.63 133.54 170.88
U16 5.01 99.22 7.85 139.30 146.75
U17 5.57 100.36 8.03 139.53 147.25
G18 7.72 133.62 170.09
C19 5.19 93.92 7.65 137.99 151.24
C20 5.56 94.84 7.60 138.06 152.35
Table S4
Non-exchangeable anomeric 1H and 13C chemical shift
assignments for RNA Ii in the loop–loop complex at 35°C.
H1’ C1’ H2’ C2’
G0 5.61 90.45 4.37 72.83
G1 5.78 89.98 4.41 72.97
C2 5.43 90.50 4.43 72.75
A3 5.80 90.45 4.46 73.11
A4 5.85 89.94 4.36 73.50
C5 5.26 91.08 3.96 73.02
G6 5.85 89.94 4.82 73.50
G7 5.79 90.77 4.89 72.18
A8 5.49 90.23 4.39 72.75
U9 5.60 90.24 4.13 73.15
G10 5.82 89.28 4.10 73.64
G11 5.54 89.74 3.95 73.52
U12 5.44 91.16 4.37 73.57
U13 5.19 92.13 4.47 72.62
C14 5.08 91.38 4.35 72.20
G15 5.92 90.75 4.30 73.02
U16 5.47 91.19 4.30 72.75
U17 5.62 90.65 4.49 72.83
G18 5.74 90.15 4.36 72.91
C19 5.40 91.19 4.17 73.05
C20 5.64 90.15 3.95 74.99
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Table S5
Non-exchangeable aromatic and anomeric 1H and 13C chemical
shift assignments for RNA IIi in the loop–loop complex at 35°C.
H5 H6/H8 H2 C2 H1’ C1’ H2’
G1 7.42 5.62 90.18 3.91
C2 5.45 7.67 5.51 91.40 4.41
A3 8.09 7.42 151.08 5.91 90.33 4.48
C4 5.20 7.57 5.38 91.07 4.15
C5 5.37 7.67 5.43 91.17 4.15
G6 7.64 5.84 88.98 4.90
A7 8.79 6.82 149.97 5.99 91.16 4.82
A8 7.91 7.91 152.58 6.08 90.47 4.24
C9 4.91 7.45 5.60 90.76 3.90
C10 5.33 7.40 5.49 90.96 4.08
A11 7.74 7.39 151.15 5.89 89.93 4.08
U12 5.15 7.15 5.31 89.99 4.31
C13 5.47 7.23 5.12 92.43 4.29
C14 5.46 7.61 5.39 91.07 4.35
G15 7.57 5.53 89.85 4.49
G16 7.31 5.64 90.47 4.30
U17 5.04 7.73 5.47 91.19 4.51
G18 7.64 5.78 90.31 4.40
C19 5.34 7.45 5.79 91.22 4.60
